The safety of the 610 m Guangzhou New Television Tower, due to become China's tallest structure on completion, is an issue that concerns many parties because of the lack of sufficient experience, official design codes, and construction guidelines for such a skyscraper. This paper investigates the strain/stress development of this super-tall structure through the integration of finite element analysis and field monitoring during the construction stage with a particular focus on the following issues: 1) the shrinkage and creep properties of high-strength low-shrinkage concrete; 2) the strain response of the structure to extreme events including typhoons, a major earthquake, and unfavorable construction loads; and 3) the stress evolution of the super-tall structure as construction activity progresses. Field monitoring results demonstrate that the strain responses of the structure to natural hazards are within safe ranges. Finite element model predictions made at different stages of construction are in good agreement with measurement data.
INTRODUCTION
Recent decades have seen the construction of many skyscrapers and the establishment of new building height records from time to time. In mainland China, three skyscrapers of over 600 m in height (including non-structural components) are under construction and a few of over 500 m are being planned. The tallest structure on Earth is currently the Burj Khalifa in Dubai, with a height of 828 m. Although numerical analysis and scaled laboratory experimental techniques have been employed to predict the structural performance of super-tall structures of this type under various loadings, their structural performance under actual construction and service conditions is an issue that has not been investigated in depth to date because of the current shortage of existing, sufficient and mature experience for practical super-tall skyscrapers.
Structural health monitoring (SHM) offers a potential solution as an innovative situbased laboratory experiment technique that allows for the measurement of a structure's loadings, environmental factors, and responses. The potential benefits of an SHM exercise include (Ko and Ni, 2005; Brownjohn and Pan, 2008) : (i) validating the theoretical assumptions made and parameters used in the design, analysis, and laboratory testing phases; (ii) improving the understanding of the structural loading and response mechanisms; (iii) examining the accuracy of the design and design specifications; (iv) enabling inspection of the safety of construction activities and ensuring the structure built satisfies design requirements as closely as possible; and (v) providing real information on the structure following disasters and extreme events to facilitate cost-effective decisions regarding maintenance and management (Adeli and Jiang, 2006; Park et al., 2007; Jiang and Adeli, 2008a&b; Moaveni, et al., 2009; Soyoz and Feng, 2009; Umesha et al., 2009; Cruz and Salgado, 2009; Huang, et al., 2009; Adeli and Jiang, 2009; Chen and Liu, 2010; Huang et al., 2010) . A well-designed and well-operated SHM system therefore has benefits not only for researchers, but also for the designers, contractors, and clients for a particular structure.
Major applications of SHM have been implemented in the oil industry and in large dams and bridges and have required a great deal of research and practical effort.
Residential and commercial structures have received relatively little attention in comparison (Doebling et al., 1996) . At present, the majority of monitoring carried out on building structures is aimed at understanding dynamic loadings and responses including those induced by earthquakes and strong winds. For example, three tall buildings in Chicago have been equipped with monitoring systems to compare their wind-induced responses (measured by Global positioning System (GPS) and accelerometers) with predictions made using wind tunnels and finite element (FE) models and discrepancies have been identified (Kijewski-Correa et al., 2006) . Brownjohn (2005) compared data from a decade of monitoring of a 280 m office tower in Singapore with design code requirements for both wind and seismic effects, showing that code provisions for both types of loadings are very conservative. Prior studies have reported that more than 150 buildings in California, more than 100 buildings in Japan, and more than 40 buildings in Taiwan have had strong motion monitoring systems for seismic excitation/response measurement and post-earthquake damage assessment installed (Huang and Shakal, 2001; Lin et al., 2003; Huang, 2006) . Li et al. (2004) have taken full-scale measurements on a high-rise building under strong wind conditions and carried out a series of wind-tunnel tests.
For many high-rise structures, the construction stage could be the most critical stage from a safety perspective for two reasons. First, completed structures are normally subject to careful examination through FE analysis and laboratory experiments, whereas structures under construction generally are not. Second, the safety of in-service structures depends to a great extent on conditions during construction. Imperfections of a structure during the construction can lead to permanent additional stresses in the structure in-service that are not taken into account in the design analysis. Although structural safety is usually assured through specification control and safety factors, construction experience and appropriate criteria for super-tall structures are currently lacking. In practice, health monitoring during the construction stage has since become a necessity in bridge engineering (see, for example, Shahawy and Arockiasamy, 1996; Lin et al., 2005) . Although numerical methods have been developed to predict the load distribution of building structures during construction (Stivaros and Halvorsen, 1990; Fang et al., 2001; Nunez and Boroschek, 2010) , systematic monitoring during the construction of residential and commercial buildings is still rare. One possible reason for this is that bridges are generally owned by public authorities, while most buildings belong to private companies or individuals.
An additional benefit of construction monitoring is that it can provide valuable data of the structure as-built and can be integrated with long-term in-service monitoring. As a result, real strain data can be obtained and evaluated rather than only relative strain data if SHM equipment is installed after the construction phase has been completed. This aspect has been neglected in previous SHM exercises, possibly because construction monitoring is usually conducted by contractors, while long-term in-service monitoring is carried out by the structural management sector. Different concerns and interests of these two groups usually lead to their respective monitoring exercises are performed separately. Nevertheless, the Guangzhou New Television Tower (the "Guangzhou New TV Tower") provides a unique opportunity integrate in-construction monitoring with inservice monitoring (Ni et al., 2009 ). This paper focuses mainly on the monitoring and analysis of strain and stress in the Guangzhou New TV Tower during the construction stage. The paper addresses the following issues: 1) the establishment of shrinkage and creep models for concrete based on field experiments and their comparison with ACI formulae; 2) the calculation of principal stresses in critical components based on strains measured during extreme loading cases including a long-distance earthquake, typhoons, and construction activities; and 3) tracking of the stress development of the tower throughout the entire 2-year construction stage through finite element (FE) numerical analysis and field monitoring verification. The practical monitoring exercise described in this paper demonstrates how an SHM system can benefit interested parties including the designer, the contractor, the client, and the public.
THE GUANGZHOU NEW TV TOWER AND THE STRAIN

MONITORING SYSTEM
Guangzhou New Television Tower
The Guangzhou New TV Tower currently nearing completion is a super-tall structure with a height of 610 m and is the tallest building of its type in the world. It is being built to broadcast the 16 th Asian Games due to be held in Guangzhou from November 12 to 27, 2010. It will subsequently be used as office space and for entertainment, dining, tourism, and the transmission of television and radio programs. The structure consists of a main tower (454 m) and an antenna mast (156 m). Fig. 1 illustrates the perspective view of the tower in July 2009 when the entire structure was topped out and nonstructural construction activities (such as the erection of a curtain wall and interior decoration) were still ongoing.
This tube-in-tube structure comprises a reinforced concrete inner tube (core) and a steel outer frame tube. Although the non-symmetric, non-uniform, and twisted geometry configuration makes the structure interesting and attractive from an aesthetic perspective, it also makes it mechanically complex. In particular, it lacked adequate connections between the inner tube and the outer tube during the construction stage. Given that full-scale testing was not feasible, the structural performance of the tower and the strains and stresses on some critical components under extreme loadings during the construction stage in particular is a matter of concern to the contractor, the designer, and the client.
The SHM system
To ensure the safety of the structure both during construction and over the long term gauge. To measure the strain of the concrete rather than that of the rebar, the vibrating wire strain gauges were coated using two semi-cylinders with a diameter of 40 mm with concrete being poured into the day before the concrete was poured. To minimize the shrinkage effect, the concrete used for coating is the same as that used in the structure.
About seven to eight hours later, the semi-cylinders were removed and the coated gauges were ready for installation as shown in Fig. 5(b) . All the gauges were inspected and tested using a portable readout box. A strain rosette was then attached to the rebars (Fig. 5(c) ) to avoid movement while concrete was poured and to measure the strain in three directions at each point. The cables were then protected by stainless galvanized steel pipes embedded in the concrete floor ( Fig. 5(d) ). This protects the cables from causal damage. The strain and temperature at each of the points were taken in the days immediately after the concrete was poured. During the first few days, the temperature varied significantly due to hydration. Strain also developed due to initial shrinkage and stress redistribution, phenomena which are hard to predict. The strain reading taken As the vibrating wire strain gauge cannot measure the dynamic strain, the present system measures the strain once per minute (at a sampling frequency of 1/60 Hz).
During construction, the strain and temperature data were collected and temporarily stored in each substation and were wirelessly transmitted to the control room in real time. The wireless data transmission system consists of three parts: a WiFi router, a wireless bridge, and an antenna. The system can transmit data at rates of up to 100 Mps and has a maximum transmission distance of 2 km. Network Time Protocol is used to synchronize the substations.
Although the strain gauges and cables have been carefully handled and protected, tests
show that seven of the 144 sensors (5%) did not function once construction of the structure had been completed. As the sensors and cables are embedded in concrete, the reason for this damage is unknown.
SHRINKAGE AND CREEP OF CONCRETE
The raw data obtained from a vibrating wire strain gauge is the frequency of the vibrating wire embedded in the gauge. This frequency is converted into strain across the gauge by compensating for the temperature measured by an embedded thermocouple. It is noted that the strain of the wire can be regarded as the strain of the structure at the sensor point and includes both strain due to external forces and strain induced by the shrinkage and creeping of concrete. These shrinkage and creep effects must therefore be removed and the remaining strain can be regarded as the net strain due to external loads only. The net strain is used to calculate the real stresses at a particular point.
As noted earlier, the structure is made of high-strength low-shrinkage concrete.
Consequently, its shrinkage and creep may differ from predictions made using empirical formulae that are based on normal concrete under standard conditions specified in ACI 209 R-92 (1992) . A series of experiments were conducted to obtain more accurate estimates of the time-dependent shrinkage and creeping properties of the tower.
According to the Chinese code on shrinkage experiments (BGJ 82, 1985) , two rectangular parallelepiped specimens with dimensions of 100 mm × 100 mm × 515 mm were made on site. A vibrating wire gauge was embedded inside each specimen to measure the strain time history under outdoor conditions. The specimens were then placed on the floors beside the shear wall so they were under the same conditions as those affecting the structure. Fig. 6 shows the shrinkage strain measured at the two grade C60 specimens together with the predictions suggested by the ACI code (ACI 209 R-92, 1992 ). The figure clearly shows that the ACI code overestimates the shrinkage strain of the concrete used in the tower. The measurement data are fitted with the ACI formulae as 
STRAIN AND STRESS RESPONSES DUE TO EXTREME LOADINGS
To evaluate the safety of the tower structure during construction, strain data measured under extreme cases were analyzed and employed to calculate the principal stress at each point. During the calculation of the principal stress, the modulus of concrete was 
Construction activity
The inner tube of the tower was constructed earlier than the outer tube of the tower according to progress in construction. The completed inner tube is higher than the outer tube to allow cranes attached to the inner wall to lift CFTs and other components into place. As a result, the top section of the inner tube can be treated as a cantilever part and its bottom is supported by the floors (or connection girders) connected to the outer tube. (which is denoted as the first connection level). There are four connection levels in total as illustrated in Fig. 2 . In this situation, the stresses at the first connection level (the bottom of the cantilever part) were of concern to the designer and the contractor and needed to be examined carefully. Fig. 8b plots the variations in the principal stresses at the first connection level in a single day at this critical stage. As there was no other special loading acting on the structure, the variations in the stresses were attributed to normal construction events and most likely reflect crane activity. It was observed that from 14:00 to 15:00, the compressive stress at point 4 increased while that at point 2 decreased, which might indicate that one crane was erecting a heavy component in this plane and caused both compression at point 4 and tension at point 2. Subsequently, the compressive stress at point 2 rose while that at point 4 dropped, observations that might be due to the crane moving to the other point. A few similar cycles can be observed in the figure. This variation is the most significant among those observed during the normal construction stage. As the variation in stress was less than 0.3 MPa, the construction activity undertaken can be regarded as safe. In addition, this type of monitoring data can potentially be applied to the automatic identification of key construction activities, a topic that has been widely discussed in the construction community (Chi et al., 2009 ).
Typhoon event
The tower is located in a typhoon-prone area in which four typhoons struck in 2008. (compression went up) as a result of the typhoon, while those at point 2 and point 3 increased (compression dropped). This is because the typhoon was blowing from the southeast to the northwest as indicated by the wind rose diagram in Fig. 9 . Fig. 11 also shows that the 303.2 m section (corresponding to the fourth connection level)
experienced the largest variation in stress on the day the typhoon struck. At that time, the inner tube had been constructed to a height of 370 m and the outer tube had risen to a height of about 310 m. The fourth connection level therefore acted as the bottom of the cantilever and the principal stresses at the four monitored points varied by about 0.48 MPa, 0.32 MPa, 0.28 MPa, and 0.38 MPa, respectively. The variation in stress as a percentage of total stress at each of the four points was about 16%, 14%, 14%, and 16%, respectively. The stresses measured at all these points were within linear range, indicating no damage has been occurred during this strong wind.
Earthquake event
The devastating Wenchuan Earthquake that hit southwestern China has again highlighted the need for real-time monitoring of important and critical civil structures during major hazardous events. Despite extensive research conducted in the field of earthquake engineering, the real-time performance of super-tall building structures under strong earthquake loading is monitored only to a limited extent.
The Wenchuan Earthquake occurred at 14:28 on 12 May 2008. The monitoring system of the Guangzhou New TV Tower observed significant strain variation at about 14:35, 7 minutes after the earthquake struck. The distance between Wenchuan and Guangzhou is about 1,325 km and the wave propagation was calculated at around 3,150 m/s. Fig. 12 shows the vertical strains measured at the 121.2 m cross-section during the earthquake.
It can be observed that the peak-peak variation in strain was less than 5 µε. A comparison of difference levels shows that the maximum variation in the principal stresses at the middle section (173.2 m) was larger than those at the bottom and at the top of the tower as shown in Fig. 13 . This indicates that the earthquake loading had a more significant effect on the middle than it did on the bottom and the top of the structure, which is different from the response pattern observed under the wind loading discussed in the last section. This may be due to different modes being excited under the two different types of loading.
It is noted that the recorded strains may be smaller than the actual maximum values due to the low sampling frequency. As the seismic sensors, accelerometers, and dynamic strain gauges hadn't been installed at the construction monitoring stage, detailed information of the earthquake and dynamic responses of the structure are not available.
Detailed earthquake analysis is required during the long-term monitoring.
EVOLUTION OF STRESSES DURING CONSTRUCTION
Construction activity for the entire tower will have lasted for two and a half years by the time the tower is completed. Tracking changes in and the evolution of strains and stresses has several benefits: 1) it allows the contractor and the designer to be aware of stress levels in different components of the structure at different stages of construction;
2) it allows for the absolute strains and stresses in structural components to be obtained after the structure has been completed rather than merely giving the relative strains and stresses as in the usual long-term monitoring systems; 3) measurement data and FE predictions can be compared to verify the design model and design assumptions.
As the monitoring system described in this paper can continuously capture the strain responses of the tower at different stages, the strains and the stresses can be compared with the corresponding FE model predictions. Ten construction stages were analyzed starting from July 2007 when the first set of data was measured by the SHM system to July 2009 when the main structural components were completed. Fig. 14 shows photographs of the tower at different stages of construction. The measured strain data were processed by removing the effects of shrinkage and creep as previously described.
To minimize the uncertainty arising from the measurement and variation in construction activity, the strains measured in one week were averaged to produce the measurement data and these data were used to calculate the principal stresses during the study period.
FE models were constructed using SAP2000 Version 11.0 (SAP2000, 2006) according to the structural components under construction at the time (see Fig. 14) . In these models, two-node three-dimensional Euler beam elements with six degrees of freedom (DOFs) at each node were employed to model the outer structure, the antenna mast, and the connection girders between the inner and outer structures. Four-node and three-node shell elements with six DOFs at each node were used to model the shear walls of the inner structure and the floor decks. All of the nodes in the basement were fixed in six directions. The full model at the final stage contains 122,476 elements, 84,370 nodes, and 505,164 DOFs in total. Only the dead load of the completed components and the mass of major construction facilities including cranes and the construction platform were included in the models. The modulus of concrete was adjusted to the age of the concrete and to each grade of concrete according to ACI 209 R-92 (1992) .
At different stages, the stresses of the structure are obtained via linear analysis and compared with the measurements. Fig. 15 compares the calculated stresses of point 2 at different heights in July 2009 with the measured counterparts. It can be seen that the model predictions and the field measurements are generally in good agreement although and the average discrepancy is about 10%. The discrepancy may be due to the uncertainty of the measurement and the difference between the FE model and the actual structure constructed. For example, the construction error of the large-scale structure results in additional stresses that are difficult to model in the numerical analysis. Nonuniform temperature distribution throughout the structure also causes thermal stresses at components, which is not considered at the moment. In addition, inaccuracy in the material properties contributes to discrepancy of results. Considering these factors, the discrepancy is acceptable. It is also observed that the stress differences in the sections The compressive strain data measured by the embedded sensor gradually rose from -110 µε to -170 µε over six months, thereby verifying the progress made in construction.
However, the data measured by the surface sensor vary significantly and do not show a clear increasing trend during the study period. One reason for this is that the raw strain measured by the vibrating wire includes the strain due to temperature change measured by the thermocouple embedded in the vibrating wire. This thermocouple measured the ambient air temperature rather than the temperature of the concrete wall. This resulted in incorrect strain data when an incorrect temperature was employed to remove the temperature effect from the raw strain. Due to this reason, the strain data measured by the sensors at the two lowest levels are not reported in this paper.
CONCLUSIONS
This paper discusses a sophisticated structural health monitoring system established in the Guangzhou New Television Tower, a new super-tall structure that is nearing completion. The strain and temperature monitoring sub-system installed as the tower was being constructed comprises 12 substations placed in different sections of the structure, each of which contains 12 vibrating wire strain gauges and four thermal sensors. The two-year strain and stress monitoring exercise undertaken during the construction stage shows that the performance of the sensors and the data acquisition system are satisfactory. In particular, the following conclusions can be drawn.
1) The shrinkage and creep models fitted using data from the field experiments have similar forms to the traditional models adopted by ACI, whereas the rates of shrinkage and creep in the high-strength low-shrinkage concrete used in the structure are much lower than those seen in ordinary concrete.
2) After removing the effects of shrinkage, creep and temperature-induced strain, the structural stresses measured under various types of extreme loads (including typhoons and a major earthquake) were within the value ranges specified in the design, thereby confirming the safety of the tower during the construction period.
3) The structural strain responses due to Typhoon Neoguri were generally larger than those caused by a far-distance earthquake and daily construction activities.
The maximum response to the typhoon occurred at the upper section while that to the earthquake occurred at the middle section.
4) The strains and stresses measured at different points and during ten stages of construction were calculated using fine FE models. The results show a good level of agreement with the field data and thus verify the accuracy of the design model;
23 5) The vibrating wire strain gauges embedded inside the concrete wall provide more reliable and stable data than those installed on the surface of the concrete wall.
The monitoring exercise discussed in this paper not only provides valuable information on the stress and strains of the structure during construction, but also represents a baseline for long-term monitoring in the near future because real strain data are available. This is an improvement on normal circumstances in which only relative strain data are available due to the SHM being installed after the construction phase is finished.
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